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We have measured the temperature dependence of the energy@E0(T)# and broadening parameter@G0(T)# of
the fundamental gap for GaSb and four samples of Ga12xInxAsySb12y ~lattice matched to GaSb! using infrared
photoreflectance. The parameters that describe the temperature variation of the energy~including thermal-
expansion effects! were evaluated using both the semiempirical Vashni relation as well as an equation that








































The quaternary alloy Ga12xInxAsySb12y lattice matched
to GaSb is a narrow-band-gap semiconductor~;0.3–0.7 eV
at room temperature! with a number of applications includ
ing thermophotovoltaic~TPV! cells,1 infrared light-emitting
diodes,2 and lasers,3–8 as well as photodetectors.9,10 The tem-
perature dependence of the fundamental band gap@E0(T)#
and the broadening parameter@G0(T)# are of interest for
basic reasons as well as for various applications. The t
perature dependence of the energy and linewidth of e
tronic transitions give important information about th
electron-phonon interactions, excitonic effects, etc.11,12
From an applied point of view, the ability to measure t
band gap at temperatures corresponding to device oper
conditions, e.g., 300–350 K for the TPV cells, makes it p
sible to model certain semiconductor properties at these t
peratures. For example, the absorption coefficient of the
damental gap at these conditions can be evaluated using
previous ellipsometric results on GaSb~Ref. 13! and GaIn-
AsSb ~Ref. 14! in conjunction with a comprehensive mod
for the dielectric function which involves both discrete a
continuous excitonic effects at theE0 /E01D0 and E1 /E1
1D1 critical points.
15
However, in spite of its significance, few works on th
temperature dependence of the fundamental band ga
GaSb have been reported and none for these quaternary
pounds. An early study ofE0(T) of GaSb was done by
Joullié et al.16 using Schottky barrier electroreflectance b
tween 30 and 300 K. However, the data were fit using on
linear term which produced an overestimation of the value
E0(0), which is frequently quoted in the literature.
17 There













transition E01D0 between 4 and 300 K~Ref. 18! and E0
1D0 . E1 ,E11D1 between 83 and 300 K.
19
In this work we present the temperature dependence
E0(T) and the related broadening parameter@G0(T)# for
GaSb and four Ga12xInxAsySb12y /GaSb ~001! (0.07<x
<0.22, 0.05<y<0.19! quaternary alloys, using infrared
photoreflectance~IRPR! between 15 and 377 K. The fou
quaternary samples have compositions of (x50.07, y
50.05!, (x50.09, y50.07!, (x50.12, y50.11!, and (x
50.22,y50.19!. The band gap of the quaternaries decrea
with increasing In composition. In narrow-band-gap mate
als the applications of photoreflectance~PR! have been lim-
ited by the low values of the built-in field. However, to ou
knowledge there has been no study of the PR applicab
limits to these narrow-band-gap materials. During this stu
we were able to test the usefulness of PR for these mater
The temperature dependence of band gaps has been
scribed by equations involving three parameters, such as
Varshni expression20 or one containing the Bose-Einstein o
cupation factor for phonons and involving the electro
average phonon~acoustical and optical! interaction.11,12 By
taking into account the component of the energy gap s
due to the thermal-expansion coefficient, we have obtai
revised parameters which are directly related to the elect
average phonon interaction in the latter case. A somew
similar Bose-Einstein-type equation, involving the electro
longitudinal optical~LO! phonon atq'0 ~Fröhlich interac-
tion!, has been used to fit the temperatures dependence o
broadening function.11,12
II. EXPERIMENTAL DETAILS
The GaSb and the Ga12xInxAsySb12y epitaxial layers, lat-








































PRB 62 16 601TEMPERATURE DEPENDENCE OF THE ENERGY AND . . .phase epitaxy~LPE! in a graphite sliding boat using a Pd
diffused hydrogen atmosphere. The starting materials w
(6N)Ga, In, Sb, and undoped GaAs. The growth tempe
tures were in the range of 520–530 °C except for the la
with the highest In solid composition, which was grown
605 °C. This composition is at the edge of the miscibil
gap, which is around ofx50.23 for the~001! orientation.21
The solid composition was determined by electron mic
probe analysis and the lattice mismatch evaluated by do
crystal x-ray-diffraction measurements. The nominally u
doped layers arep type while then-type layers are Te doped
The Hall measurements for thep-type films were performed
at 77 K because the substrates have semi-insulating ch
teristics only up to 150 K so that, at higher temperatures p
of the current is conducted by the substrate producing a n
reliable carrier measurements. For then-type films the exis-
tence of ap-n junction provides reliable measurements ev
at room temperature. The GaSb substrates employed ha
net carrier concentration equal to 231014cm3 at 77 K. The
carrier concentration and type as well as the lattice-misma
are summarized in Table I.
The basic PR experimental setup is described elsewhe22
Prior PR investigations have been reported to only about
eV.22 To extend the range of our measurements we emplo
a monochromator with a 300-line/mm diffraction gratin
~blazed at 2mm!, a 170 W tungsten-halogen lamp, a therm
electrically cooled InAs detector operated at230 C, and
silica lenses. He-Ne lasers (l5632.8 nm! with intensities of
5 and 10 mW were used for temperatures below and ab
150 K, respectively.
III. EXPERIMENTAL RESULTS AND ANALYSIS
The solid lines in Figs. 1~a!–1~c!, are the experimenta
IRPR spectra for GaSb, and quaternary samp
Ga0.88In0.12As0.11Sb0.89 and Ga0.78In0.22As0.19Sb0.81, respec-
tively, at three different temperatures. The curves for diff
ent temperatures have been displaced for clarity. The da
lines are least-squares fits to a line shape which cont
Lorentzian broadened electro-optic functions,22 yielding the
values ofE0(T), designated by the arrows, as well asG0(T).
Displayed by the solid squares in Fig. 2 are the obtain
values ofE0(T) for GaSb and all the quaternary sample
Representative error bars are shown. The quantityE0(T) was
fit using both the Varshni20 and Bose-Einstein-type11,12 ex-
pressions.
TABLE I. Carrier concentration and type as well as lattic














































whereE0(0) is the band gap atT50 K while a andb are the
so-called Varshni coefficients. The Bose-Einstein-type
pression, which involves electron coupling to an avera





whereaB is the strength of the electron-average phonon
teraction andQB is the average phonon temperature.
The dashed and solid lines in Fig. 2 are least-squares
to Eqs.~1! and ~2!, respectively. Listed in Table II are th
obtained values ofE0(0), a, b, aB and QB for the five
samples.
FIG. 1. The solid lines are the IRPR spectra for samples~a!
GaSb,~b! Ga0.88In0.12As0.11Sb0.89, and~c! Ga0.78In0.22As0.19Sb0.81 at
three different temperatures. The dashed lines are the least-sq
fits to a line-shape function yielding theE0(T) values indicated by
arrows. The curves have been displaced for clarity.
FIG. 2. The solid squares are the experimental values ofE0(T)
for the different samples. The~x, y! notation represents the compo
sition of the quaternary samples. Representative bars are sh
The dashed and continuous lines are the fits according to
Varshni relation@Eq. ~1!# and the Bose-Einstein@Eq. ~2!# expres-
sions, respectively.
d
16 602 PRB 62MUÑOZ, POLLAK, ZAKIA, PATEL, AND HERRERA-PÉREZTABLE II. Values of the Varshni@Eq. ~1!# and Bose-Einstein-type@Eq. ~2!# fit parameters for GaSb an
the four quaternary samples.













GaSb 0.80960.005 5.360.4 234640 0.80960.005 3565 175630
Ga0.93In0.07As0.05Sb0.95 0.72160.005 5.260.4 274640 0.72160.005 3865 198630
Ga0.91In0.09As0.07Sb0.93 0.68360.005 3.960.4 250640 0.68260.005 2765 186630
Ga0.88In0.12As0.11Sb0.89 0.64160.005 4.760.4 271640 0.64160.005 3265 188630























epre-The temperature shift ofE0(T) contains contributions
from both thermal-expansion and electron-average pho
effects. Therefore, in order to obtain parameters directly
lated to the latter interaction, it is necessary to eliminate
effects of the former. The energy shiftDEth due to the ther-





whereaH is the hydrostatic deformation potential anda th(T)
is the linear-expansion coefficient. In order to remove











While a th(T) and the hydrostatic deformation potenti
~a! for GaSb are known, in order to evaluated these qua
ties for the quaternary compounds we used an interpola
scheme based on the four binaries:
Qquat~x,y!5xyQInAs1x~12y!QInSb1y~12x!QGaAs
1~12x!~12y!QGaSb, ~6!
whereQi5a th,i or ai ( i 5quat, InAs, etc!. The data for the
binary compounds were taken from Refs. 25 and 26.
The solid and open symbols in Fig. 3 areE0(T) and
E0(T)2DEth(T), respectively, for the GaSb an
Ga0.78In0.22As0.19Sb0.81 samples. For clarity we show onl
these two materials. The dashed and solid lines repre
least-squares fits to Eqs.~2! and ~5!, respectively. The data
have also been fit using Eq.~4!. The obtained values fo
E08(0), aB8 , QB8 , a8, andb8 are presented in the Table III
The temperature dependence of the linewidth@full width





whereG0(0) is the broadening mechanism due to intrin







and alloy scattering effects,GLO is the electron-LO phonon
coupling constant~Fröhlich interaction! and QLO is the LO
phonon temperature.
In Fig. 4 the closed squares are the experimental value
G0(T) for the GaSb and Ga0.78In0.22As0.19Sb0.81 samples, re-
spectively. For clarity the corresponding data for the oth
samples are not shown. Because of the error bars on our
it was necessary to fix the parameterQLO in order to obtain
the two significant quantitiesG0(0) andGLO by means of a
least-squares fit of Eq.~7!. The estimation ofQLO for the
quaternary samples has been done using the interpola
scheme given by Eq.~6!, the corresponding binary value
were obtained from Ref. 25. The solid lines in Fig. 4 a
least-squares fits to Eq.~7!. Listed in Table IV are the ob-
tained values ofG0(0) andGLO as well asQLO ~fixed!.
IV. DISCUSSION OF RESULTS
Mannogian and Woolley27 have suggested that after th
thermal-expansion term is removed the parameterb8 of Eq.
~4! is related to the Debye temperature (QD) by b8
53/8QD . Listed in Table III are
3
8 QD for GaSb and the four
quaternaries, the latterQD being evaluated using Eq.~6! and
the binary values from Refs. 25 and 26. There is good ag
ment between the values ofb8 and 38 QD .
From the high-temperature limit of Eqs.~4! and ~5! the
parametersa8, aB8 , and QB8 are related bya852aB8 /QB8 .
FIG. 3. The solid and open symbols representE0(T) values with
and without the thermal-expansion contribution, respectively. R
resentative bars are shown. The dashed and continuous lines r
sent the fits according to Eqs.~2! and ~5!, respectively.
PRB 62 16 603TEMPERATURE DEPENDENCE OF THE ENERGY AND . . .TABLE III. Values of the Varshni@Eq. ~4!# and Bose-Einstein-type@Eq. ~5!# fit parameters~after removal ofDEth! for GaSb and the four
quaternary samples. Also listed are38 QD and 2aB8 /QB8 .


















GaSb 0.81260.005 5.460.4 113640 100 0.80960.005 6265 217630 5.7
Ga0.93In0.07As0.05Sb0.95 0.72360.005 5.160.4 130640 100 0.72260.005 4965 194630 5.1
Ga0.91In0.09As0.07Sb0.93 0.68460.005 4.260.4 122640 100 0.68360.005 4865 215630 4.5
Ga0.88In0.12As0.11Sb0.89 0.64560.005 4.760.4 122640 100 0.64360.005 46 5 196630 4.7































Table III shows that this relationship is indeed satisfied. T
results in Fig. 3 show that the thermal-expansion effec
responsible for only about 4% of the total band-gap variat
at room temperature.
The analysis of Joullie´ et al.16 for E0(T) of GaSb con-
sisted of only a linear fit between 100 and 300 K with a slo
of 23.531024 eV/K. Using this value andE0 ~300 K!
50.72 eV,17,19 the extrapolated number isE0(0)
50.825 eV, which is the value frequently quoted in t
literature.17 However,E0(T) for direct gap semiconductor
at low temperatures differs considerably from a strai
line11,12and henceE0(0) has been overestimated by Ref. 1
Our value for this parameter, using both the Varshni and
Bose-Einstein-type equations, isE0(0)50.809 eV, which is
in agreement with the value of 0.8099 eV obtained fro
photoluminescence measurements at 2 K.28
The value ofa@(5.2660.4)31024 eV/K# for E0 in GaSb
reported in this work is in good agreement with those p
sented by Hwanget al.19 (a56.531024 eV/K) and Iyer
et al.18 (a55.531024 eV/K) for the E01D0 transition.
While our number forb@(234640) K# is similar to Hwang
et al. ~230 K! it is somewhat higher than that of Ref. 18~175
K!.
Our values forGLO are considerable smaller than tho
reported previously for a number of III-V~GaAs, InGaAs!
and II-VI @ZnSe, CdSe~cubic!, ZnCdSe# zinc-blende-type
semiconductors, except for two measurements ofGLO
FIG. 4. The solid squares areG0(T) for the GaSb and
Ga0.78In0.22As0.19Sb0.81 samples. The solid lines are the fit accordi









57 – 8 meV for GaAs.22,24This difference may be due to th
relatively weak Fro¨hlich coupling constantCF in our
samples in relation to the other reported zinc-blende mat
als, where29
CF}FQLOS 1«`2 1«0D G
1/2
. ~8!
In this equation«` and «0 are the high-frequency and th
static dielectric constants, respectively. For example, us
the data of Ref. 26 we obtainedCF~GaSb!/CF~GaAs!
50.56 andCF~GaSb!/CF~ZnSe!50.30.
The band-gap values at room temperature of our sam
agree with those presented in Table I by DeWinteret al.30
However, neither the relations for the band gap as funct
of the composition presented by these authors nor the
presented by Wanget al.31 provide a good description ofE0
for indium compositions higher than 10%. The use of any
these relations to determine the composition of rich indi
films can produce compositions errors up to 5%, includ
one of our previous reports.14
IV. SUMMARY
In this work we have presented the temperature dep
dence of the fundamental band gap and broadening pa
eter of GaSb and four Ga12xInxAsySb12y alloys between 14
and 377 K. We have describedE0(T) in terms of both the
Varshni and Bose-Einstein-type equations. As a conseque
of this analysis we obtained the correct value forE0(0)
50.809 eV for GaSb and the corresponding ones for the q
ternaries compounds. In addition, we have separated
thermal-expansion and electron-average phonon contr
tions toE0(T) and concluded that the former is responsib
TABLE IV. Values of the Bose-Einstein-type@Eq. ~7!# fit pa-
rameters for GaSb and the four quaternary samples.
Sample G0 ~meV! GLO ~meV! QLO ~K!
GaSb 10.460.5 763 335a
Ga0.93In0.07As0.05Sb0.95 12.260.5 763 332.9
a
Ga0.91In0.09As0.07Sb0.93 11.860.5 963 332.9
a
Ga0.88In0.12As0.11Sb0.89 16.360.5 863 333.6
a





































16 604 PRB 62MUÑOZ, POLLAK, ZAKIA, PATEL, AND HERRERA-PÉREZfor only 4% of the shift at room temperature. The tempe
ture dependence of the linewidth was described usin
Bose-Einstein equation. The small value ofGLO may be re-
lated to the relatively weak Fro¨hlich interaction in our mate-
rials in relation to other zinc-blende-type semiconductors
We have implemented an IRPR system with capabilit
at long wavelengths and utilized it to determineE0(T) and
G0(T) for narrow band-gap materials.
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